Plant cell morphogenesis involves concerted rearrangements of microtubules and actin microfilaments. We previously reported that FH1, the main Arabidopsis thaliana housekeeping Class I membrane-anchored formin, contributes to actin dynamics and microtubule stability in rhizodermis cells. Here we examine the effects of mutations affecting FH1 (At3g25500) on cell morphogenesis and above-ground organ development in seedlings, as well as on cytoskeletal organization and dynamics, using a combination of confocal and variable angle epifluorescence microscopy with a pharmacological approach. Homozygous fh1 mutants exhibited cotyledon epinasty and had larger cotyledon pavement cells with more pronounced lobes than the wild type. The pavement cell shape alterations were enhanced by expression of the fluorescent microtubule marker GFP-microtubule-associated protein 4 (MAP4). Mutant cotyledon pavement cells exhibited reduced density and increased stability of microfilament bundles, as well as enhanced dynamics of microtubules. Analogous results were also obtained upon treatments with the formin inhibitor SMIFH2 (small molecule inhibitor of formin homology 2 domains). Pavement cell shape in wildtype (wt) and fh1 plants in some situations exhibited a differential response towards anti-cytoskeletal drugs, especially the microtubule disruptor oryzalin. Our observations indicate that FH1 participates in the control of microtubule dynamics, possibly via its effects on actin, subsequently influencing cell morphogenesis and macroscopic organ development.
Introduction
Plant cell shape is determined by orchestrated dynamic rearrangements of both microtubule and actin cytoskeletons, affecting membrane trafficking, and resulting in co-ordinated expansion and recycling of the plasma membrane, as well as in cell wall expansion (see, for example, Szymanski and Cosgrove 2009 , Žárský et al. 2009 , Lei et al. 2014 . While the role of microtubules in organization of cell wall cellulose microfibrils is well established, microfilaments contribute to the determination of growth sites and are essential for the movement of endomembrane compartments such as Golgi-derived vesicles or endosomes (see Žárský et al. 2009 Žárský et al. , Sekereš et al. 2015 . Co-ordination of microfilaments, microtubules and membrane structures is also important for tissue-and organlevel processes depending on the turnover of plasmalemma auxin carriers (Brandizzi and Wasteneys 2013, Zhu and Geisler 2015) .
The characteristic jigsaw puzzle-like interdigitating shape of epidermal pavement cells provides a good example of co-ordination of the above-listed processes. It has been proposed that interdigitating growth of neighboring cells is controlled by cortical microtubule bands located in the cell neck regions preventing expansion of the neck areas, while lobe formation depends on patches of microfilaments supporting anticlinal cell wall expansion at lobe tips (Fu et al. 2005 , Fu et al. 2009 , Xu et al. 2010 . Recent detailed morphometric analyses of live cells, however, indicate a central role for microtubules also in lobe outgrowth, which appears to be initiated by microtubule-driven periclinal cell wall expansion, with actin enrichment in lobe tips occurring only after lobe initiation (Armour et al. 2015) . The Rho of Plants (ROP) GTPases and their RIC family interactors, known to control both cytoskeleton arrangement and membrane trafficking (see Yalovsky et al. 2008, Miyawaki and Yang 2014) , have been implicated in the determination of pavement cell development. Microtubule bands in neck regions are induced by the RIC1/ROP6 pathway which also antagonizes the RIC4/ROP2 pathway, promoting microfilament assembly in the lobes. ROP2 is activated by auxin and inhibits PIN1 endocytosis by stimulating accumulation of cortical actin filaments, resulting in local positive feedback promoting growth in lobes (Xu et al. 2010 , Nagawa et al. 2012 ; see also Pietra and Grebe 2010) . Thus, epidermal pavement cells present an important model for studying co-ordination of cytoskeleton and membrane dynamics (Jacques et al. 2014) .
Formins (FH2 domain-containing proteins), a large family of evolutionarily ancient actin nucleators acting alongside the conventional Arp2/3 pathway, have been recognized as key regulators of cytoskeletal assembly and organization also in plants (see Blanchoin and Staiger 2010) . Some plant formins interact with microtubules , Li et al. 2010 see Wang et al. 2012 ), similar to their opisthokont relatives (Bartolini and Gundersen 2010) . Angiosperm formins can be divided into two clades (Class I and Class II) exhibiting characteristic domain organization; Class I formins are often transmembrane proteins (Cvrčková et al. 2004) .
The Class I formin FH1 (AtFH1, At3g25500) is the main Arabidopsis thaliana housekeeping formin according to available gene expression data (Hruz et al. 2008) . It contains a putative signal peptide, a transmembrane domain and a proline-rich extracytoplasmic domain which may enable FH1-mediated anchoring of the actin cytoskeleton across the plasma membrane into the cell wall and was shown to restrict lateral mobility of the formin in the membrane (Martiniere et al. 2011 , Martiniere et al. 2012 ). FH1 can nucleate and bundle actin (Michelot et al. 2005 , Michelot et al. 2006 . Because of functional overlap with other members of the formin family, FH1 is not essential for plant survival and fertility. In seedling rhizodermis, its mutation causes stabilization of the actin cytoskeleton and, somewhat surprisingly (given the lack of known microtubule-binding motifs in FH1), also an increase in microtubule end dynamics, possibly resulting from microtubule-actin cross-talk (Rosero et al. 2013) .
In the present study, we use mutants affecting FH1 in combination with a pharmacological approach and in vivo cytoskeletal marker expression to examine the effects of formin deficiency in the epidermal pavement cells of Arabidopsis cotyledons.
Results

Formin impairment affects cotyledon position and shape
Two T-DNA insertion mutants, fh1-1 and fh1-2, were employed to examine the function of the FH1 gene. The fh1-1 mutant produces no detectable transcript and can be considered a total loss-of-function allele, while fh1-2 expresses a reduced amount of mRNA truncated at the 3 0 end that encodes a nearly full-length protein (Rosero et al. 2013) . Although no gross phenotypic alterations were found in fh1-1 and fh1-2 seedlings or mature plants, closer observation revealed that both mutants have epinastic cotyledons compared with the wild type (wt). Seedlings carrying a homozygous fh1-1 mutation exhibited a reduced cotyledon to petiole angle compared with the wt already at 3 days after germination (DAG; Fig. 1A ). The partial loss-of-function fh1-2 mutation had a weaker (statistically non-significant) effect in the same direction (Fig. 1B) . Additionally, the fh1-1 mutant had significantly smaller and more rounded cotyledons than the wt (Fig. 1C, D) .
SMIFH2 (small molecule inhibitor of formin homology 2 domains; Rizvi et al. 2009 ) mimics the effects of fh1 mutation on root growth and rhizodermis actin organization in Arabidopsis seedlings (Rosero et al. 2013) The relationship between cotyledon length and width in wt and fh1-1 seedlings at 15 DAG. Error bars represent the SE, and double asterisks denote highly statistically significant differences (P < 0.01, Tukey's test in B, t-test in C).
inhibition of root growth (see Rosero et al. 2013 ) significantly reduced the cotyledon to petiole angle in wt seedlings, i.e. phenocopied the fh1 mutation; however, no significant effects were seen in either of the fh1 mutants, consistent with FH1 substantially contributing to the plant's response towards this inhibitor (Supplementary Data S1A).
These phenotypic changes, although minor, are consistent with formin impairment (either by mutation or by the inhibitor) causing alterations in either cell division or cell expansion.
Formins contribute to the control of pavement cell shape
Since interdigitating epidermal pavement cells provide a good model for studying cell expansion, we focused our attention on this cell type. We have in all cases analyzed the adaxial (upper) cotyledon epidermis (the abaxial side was difficult to image in the epinastic mutant cotyledons). Already at 5 DAG, cotyledon pavement cells of seedlings carrying either of the two fh1 alleles had noticeably longer lobes than those of the wt, and upon visual inspection often seemed to lack a single or main axis which follows the leaf long axis in wt seedlings (Zhang et al. 2011) , suggesting possible loss of cell growth anisotropy and/or increased lobing complexity, i.e. development of secondary lobes upon existing ones ( Fig. 2A) . Quantitative measurements confirmed the increased lobe length in mutant plants, and mutants, especially fh1-1, also exhibited decreased cell circularity (defined as the ratio of the cell area to that of an isoperimetric circle; see Schneider 2012) compared with the wt, indicating more complex (i.e. more lobed) pavement cell shapes (Fig. 2B) . Unlike lobe length measurements, cell circularity estimation can be performed semi-automatically, allowing higher throughput analyses; thus, this value was used as a measure of cell shape in all subsequent experiments. The decreased circularity in both fh1 mutant lines compared with the wt became even more prominent in older (10 DAG) seedlings (Fig. 2C, D) , and the difference between mutant and wt plants persisted up to 14 DAG, with little change in actual circularity values after 10 DAG (Supplementary Data S2). In addition, fh1-1 mutants, but not those carrying the partial loss-of-function allele fh1-2, had noticeably and significantly larger pavement cells than wt seedlings at 10 DAG (Fig. 2E) , and both mutant lines exhibited significantly larger pavement cells in the mature cotyledons at 14 DAG (Supplementary Data S2).
Decreased cell circularity was also found in wt seedlings germinated and grown in the presence of SMIFH2; thus, with respect to the pavement cell shape, the formin inhibitor again phenocopied the fh1 mutations. Remarkably, an opposite effect on pavement cell size (i.e. a decrease compared with the control rather than an increase) was observed, presumably due to inhibition of other members of the formin family participating in cell expansion (Supplementary Data S1B). While this finding points towards possible additional and functionally distinct targets affected by SMIFH2, it also shows that the observed increase in cell lobing in formin-impaired plants is not a simple consequence of their pavement cell development being 'advanced in time' with respect to both shaping and expansion.
Microtubule but not actin perturbation differentially affects pavement cell development in FH1 wild-type and mutant plants Because cytoskeletal rearrangements are known to have a pivotal role in pavement cell morphogenesis, we examined the effects of actin and/or microtubule perturbations by latrunculin B (LatB; an F-actin-depolymerizing drug) and oryzalin (a microtubule-depolymerizing drug), applied alone or in combination, on pavement cell shape in wt and fh1-1 seedlings. Altered sensitivity or response of fh1 mutants towards these drugs at low doses that are asymptomatic (or only mildly symptomatic) in wt plants (i.e. a 'synthetic' phenotype arising from combination of inhibitor treatment and mutation) can be interpreted as indirect evidence for participation of FH1 in the function of the cytoskeletal system(s) targeted by the inhibitor (see Cvrčková et al. 2012) . Both inhibitors were thus applied at concentrations not causing major cytoskeleton disruption but previously shown to affect root development differentially in wt and fh1 plants (Rosero et al. 2013) .
Treatments with inhibitors caused noticeable alterations in pavement cell circularity in both genotypes examined, albeit increased lobing in fh1-1 plants compared with the wt persisted in all cases (Fig. 3A) . In wt plants, all treatments reduced cell lobing (i.e. significantly increased circularity) to a varying extent, while no significant change in circularity was seen in oryzalintreated fh1 mutants compared with non-treated controls (Fig.  3B) . Inhibitor treatments also sometimes caused a subtle increase in cell size. A dramatic enlargement of pavement cells was observed only in oryzalin-treated fh1-1 plants, thus showing that the observed lack of change in cell circularity in oryzalin-treated mutants is not a result of simple resistance towards oryzalin. Interestingly, this increase was abolished upon simultaneous application of LatB, indicating that a functional actin cytoskeleton is required for this excessive cell expansion, induced by disruption of the microtubular cytoskeleton (Fig.  3C ).
Cytoskeletal markers are variably expressed in fh1 mutants and differentially affects pavement cell development in wt and mutant plants Fluorescent protein-tagged cytoskeletal markers, green fluorescent protein (GFP)-fimbrin actin-binding domain (FABD) for actin and GFP-microtubule-associated protein 4 (MAP4) for microtubules, have been previously introduced by crossing into the fh1-1 genetic background and employed for studying cytoskeletal dynamics in seedling rhizodermis (Rosero et al. 2013) . We also crossed a less artifact-prone actin marker, LifeAct-red fluorescent protein (RFP) (Riedl et al. 2008 , Fendrych et al. 2013 , into the same background for in vivo observation of cytoskeletal structure and dynamics during pavement cell development. Obvious differences in marker expression level between mutant and wt plants were observed in cotyledon pavement 490 A. Rosero et al. | Arabidopsis FH1 in pavement cell morphogenesis cells already at 5 DAG (Fig. 4A, B) . Unlike wt plants, which showed steady fluorescence levels, in fh1-1 mutants the expression of all markers was generally lower, varied from cell to cell and in some cases complete silencing was observed (Fig. 4C) . The actin markers, especially GFP-FABD, were more affected, resulting in many pavement cells in fh1-1 cotyledons lacking observable fluorescence (Fig. 4A, C) . GFP-MAP4 also exhibited patchy reduction of fluorescence intensity and its complete loss in a fraction of cells in fh1-1 plants (Fig. 4B, C) . Marker expression further deteriorated with plant age (Supplementary Data S3) and in subsequent generations, leading to loss of expression in the majority of tissues of over half of the F 3 seedlings at 5 DAG. To mitigate this problem, plants from the same (F 3 ) generation were used for subsequent experiments, and seedlings have been pre-screened prior to further analyses (see the Materials and Methods).
We then examined the effect of cytoskeletal markers on pavement cell shape and size in both wt plants and fh1-1 mutants. Because of the gradual loss of marker expression, we performed these experiments in seedlings at 5 DAG. While LifeAct-RFP had no effect on cell shape in either wt or mutant plants, significant alterations in cell circularity were observed upon expression of the remaining two markers ( Fig. 4D ; Supplementary Data S4). However, in fh1-1 mutants, we did not see any difference in cell circularity between cells expressing GFP-FABD and their neighbors from the same plants that lost any observable fluorescence before 5 DAG (Supplementary Data S3). GFP-FABD and GFP-MAP4 affected cell shape in the opposite direction to each other, and their effects depended on the presence of the fh1-1 mutation. GFP-MAP4 dramatically reduced cell lobing in wt plants but increased it in fh1 mutants, thus enhancing the previously observed fh1 phenotype. On the other hand, GFP-FABD increased cell circularity (i.e. reduced cell lobing) in fh1 plants but had an opposite effect in wt plants, thus suppressing the effects of the fh1 mutation on pavement cell shape.
All markers also caused an increase of pavement cell size to a varying extent. Genotype-specific effects on cell size, if any, were limited to enhancement of the previously observed size difference between wt and fh1 mutants in plants carrying At least 45 cells were analyzed per data point. Error bars represent the SE. Statistically significant differences (Tukey's test) are marked by asterisks, with ** for a highly significant difference (P < 0.01), * for a significant difference (P < 0.05) and (*) for a marginal difference (P < 0.1).
LifeAct-RFP or GFP-MAP4 (Fig. 4D) . As in the case of cell circularity, no difference between GFP-FABD-expressing cells and silenced cells in the same plants was observed (Supplementary Data S3).
Expression of GFP-MAP4 differentially alters response of fh1 mutants and wt plants towards cytoskeletal inhibitors
Since the GFP-MAP4 marker appeared to enhance the effects of the fh1 mutation on pavement cell morphogenesis, we have examined the response of wt and fh1-1 plants carrying this transgene to cytoskeletal inhibitors. These experiments were performed in seedlings at 5 DAG rather than plantlets at 10 DAG used previously (see Fig. 3 ) because of marker silencing in older fh1 seedlings. It is, however, worth noting that the absolute values of pavement cell circularity at 5 DAG in mutant plants carrying GFP-MAP4 were close to those found in marker-free 10 DAG controls, and that plants expressing GFP-MAP4, regardless of their formin genotype, had substantially larger pavement cells than corresponding marker-free plants of the same age (compare Fig. 2D and Fig. 4D ). Application of LatB, oryzalin or their combination in GFP-MAP4-labeled wt or fh1-1 plants resulted in responses somewhat different from those previously seen in marker-free plants ( Fig Asterisks represent significant inhibitor effects in a given genetic background, while plus signs (+) denote significant between-genotype differences under the given culture conditions (Tukey's test, two symbols for P < 0.01, one symbol for P < 0.05).
inhibitor-dependent changes (compare Fig. 4D ). However, in the fh1 mutant seedlings, oryzalin brought about significant lobing loss. In combination with LatB, it even increased mutant cell circularity to a point where the difference between wt and mutant pavement cell circularity vanished, thus effectively suppressing the circularity decrease due to the fh1 mutation.
However, this does not necessarily mean a simple suppression of the mutant phenotype, as similar circularity values might be achieved at different cell shapes. Indeed, pavement cells of plants expressing GFP-MAP4 treated with oryzalin (alone or in combination with LatB) often exhibit numerous short lobes, rarely seen in non-treated plants (Fig. 5A) . (D) Pavement cell circularity and size in wt and fh1-1 mutant plants expressing cytoskeletal markers. All data are from plants at 5 DAG; at least 20, but in most cases >50, cells per data point were analyzed. Error bars represent the SE. Asterisks represent significant marker effects in a given formin genotype, while plus signs (+) denote significant differences between wt and fh1 plants with the given marker status (Tukey's test, two symbols for P < 0.01, one symbol for P < 0.05).
The effects of inhibitor treatments on cotyledon pavement cell size in wt plants expressing GFP-MAP4 were similar to the subtle changes seen in marker-free wt seedlings, except that no enlargement was observed in LatB-treated plants (compare Fig. 3B and Fig. 5B ). However, in the fh1-1 mutants, the presence of GFP-MAP4 completely prevented the oryzalininduced size increase seen in marker-free plants. In contrast, oryzalin-treated fh1-1 plants carrying GFP-MAP4 had significantly smaller pavement cells than non-treated controls (Fig. 5B) . Thus, the treatment with oryzalin had opposite effects in marker-free and GFP-MAP4-tagged mutant plants (compare Fig. 3B ).
Actin structure and dynamics in pavement cells of fh1 mutants and more abundant thick actin bundles than wt plants (see Fig. 4A ). This was confirmed by quantification of microfilament bundling (i.e. skewness of fluorescence distribution) or network density (i.e. occupancy) for both markers (Fig. 6A) . Despite a large difference between absolute skewness values obtained for the two markers in each genotype, which may be at least in part due to the differential ability of these markers to stain fine actin filaments (van der Honing et al. 2011) or different optical properties of the markers used, the differences attributable to the fh1 mutation remained qualitatively constant, i.e. the fh1-1 mutant had sparser and more bundled actin cytoskeleton than the wt.
To investigate microfilament dynamics in cotyledon epidermis, we used two techniques: variable angle epifluorescence microscopy (VAEM) in GFP-FABD-tagged plants, and spinning disc confocal microscopy (SDCM) in plants carrying LifeAct-RFP. In both set-ups, fh1-1 mutants consistently exhibited more abundant thick microfilament bundles than wt plants. These bundles were less dynamic than those found in FH1 seedlings (consistent with our previous observations in the rhizodermis), and often persisted for a long time (Fig. 6B, C; see Supplementary Data S5 for a VAEM recording of microfilament dynamics in a representative GFP-FABD-labeled wt pavement cell, Supplementary Data S6 for an analogous recording from a fh1-1 cell, Supplementary Data S7 for an SDCM recording of microfilament dynamics in a representative LifeAct-RFPlabelled wt pavement cell, and Supplementary Data S8 for an analogous recording from a fh1-1 cell). Regardless of a large difference in absolute pause duration values, due most probably to a combination of overexpressed GFP-FABD increasing microfilament stability (Higaki et al. 2010 ) and the more sensitive LifeAct-RFP marker allowing evaluation of thin bundles or even single filaments (see van der Honing et al. 2011) , microfilaments and their bundles in mutant plants consistently spent a longer time at pause compared with wt plants (Fig. 6D) .
Thus, we can conclude that the microfilament network in pavement cells of fh1-1 mutants is less dynamic than that of wt plants. An analogous effect, i.e. stabilization of actin bundles, was also observed in SMIFH2-treated wt plants carrying GFP-FABD (Supplementary Data S9).
Formin impairment affects movement of cytoplasmic structures
We took advantage of the ability of SMIFH2 to mimic effects of the fh1 mutations to examine the impact of formin impairment on the movement of intracytoplasmic structures, which is known to be actin-dependent. Treatment of wt seedlings with SMIFH2 noticeably reduced the motility of GFP-tagged clathrin light chain (CLC-GFP) endosomes in cotyledon pavement cells, as followed by confocal laser scanning microscopy (CSLM) (Fig. 7A) . Upon closer examination, SMIFH2-treated plants had fewer motile endosomes and those which moved did so at a lower velocity (Fig. 7B) . This is consistent with the SMIFH2-induced alterations in actin structure and dynamics interfering with the intracytoplasmic motility of structures such as endosomes, with possible consequences for downstream events, possibly including membrane trafficking.
Microtubule structure and dynamics in pavement cells of formin-impaired plants
Besides enhanced accumulation of microtubules in the pavement cell neck zones, often seen in GFP-MAP4-tagged fh1-1 plants (Fig. 3B) and consistent with increased pavement cell lobing in these mutants, we did not notice obvious differences in overall microtubule cytoskeleton architecture between wt and fh1-1 plants carrying this microtubule marker.
However, VAEM observations of GFP-MAP4-tagged cortical microtubules revealed significantly increased dynamic instability of microtubules in fh1-1 mutants compared with wt plants ( Fig. 8A ; see Supplementary Data S10 for a recording of microtubule dynamics in a representative GFP-MAP4-labeled wt pavement cell, and Supplementary Data S11 for an analogous recording from a fh1-1 cell). The mutants had fewer microtubules at pause and more microtubules either growing or undergoing stochastic transition (i.e. alternatively shrinking and growing) compared with the wt (Fig. 8B) . Remarkably, microtubule ends in the wt sometimes exhibited rapid lateral movements or 'wiggling', and the frequency of this behavior decreased significantly in fh1-1 mutants ( Fig. 8A, C ; Supplementary Data S10, S11). Unlike microfilaments, microtubules exhibited sufficiently strong fluorescence to allow quantification of their dynamics by determining imageto-image pixel correlation values in time-lapse VAEM recordings (lower correlation values, or a faster decrease in correlation coefficient related to the measurement interval, correspond to more dynamic structures). This analysis indeed confirmed increased microtubule dynamics in fh1-1 plants compared with the wt (Fig. 8D) . Qualitatively similar effects on microtubule end dynamics and overall behavior (as estimated by time-lapse image correlation analysis of SDCM recordings) were also found in SMIFH2-treated wt plants expressing the GFP-tagged microtubule-binding domain of MAP4 (MBD-GFP). This marker is considered a less invasive derivative of MAP4, and the stable transgenic line used exhibits an overall healthy habitus and strong fluorescence (Camillieri et al. 2002) . The only aspect of the fh1 phenotype that was not reproduced was the decrease in microtubule end wiggling (Supplementary Data S12), whose frequency increased in SMIFH2-treated MBD-GFP transgenic plants compared with the control. This may reflect a contribution of additional targets of the inhibitor (with other formin family members being obvious candidates). It is also possible that the GFP-MAP4 lines had an exceptionally high frequency of lateral microtubule end movements, and that its formin mutation-dependent decrease was actually a synthetic phenotype elicited by this particular marker. To confirm that the increased microtubule dynamics observed in formin-impaired plants carrying GFP-MAP4 or MBD-GFP are not related to overexpression of the MBD of (D) . Statistically significant differences between wt and fh1 plants are marked by asterisks, with **P < 0.01, *P < 0.05 ( 2 test in B and C, t-test in D).
MAP4, we analyzed effects of SMIFH2 treatment on microtubule dynamics in wt plants expressing a GFP-tagged version of one of the isoforms of the tubulin-a subunit, GFP-TUA6 (see Supplementary Data S13 for a recording of microtubule dynamics in a representative GFP-TUA6-labeled control pavement cell, and Supplementary Data S14 for an analogous recording from a pavement cell of a SMIFH2-treated seedling). Microtubule end turnover in these plants was increased upon SMIFH2 treatment, similar to the observations in both GFP-MAP4-tagged fh1-1 mutants and SMIFH2-treated plants carrying MBD-GFP (Fig. 9A, B) . The frequency of lateral microtubule end movements was also increased, similar to the situation in SMIFH2-treated seedlings expressing MBD-GFP (Fig. 9C) , and overall microtubule dynamics followed the pattern previously observed both in fh1-1 mutants carrying GFP-MAP4 and in SMIFH2-treated wt plants tagged with MBD-GFP (Fig. 9D) . We can thus conclude that impairment of formin function by either mutational loss of FH1 or pharmacological inhibition increases the dynamics of cortical microtubules in cotyledon pavement cells.
Discussion
In plants, phenotypic consequences of loss-of-function mutations in a single formin gene are often subtle or non-existent due to functional overlap among formin paralogs. However, we found minor but significant phenotypic changes, including cotyledon epinasty, as well as changes in pavement cell shape and in actin and microtubule dynamics, in Arabidopsis seedlings carrying T-DNA insertions in the FH1 (At3g25500) gene, which codes for the most abundantly expressed Class I formin of A. thaliana (Hruz et al. 2008) .
Most phenotypic effects of fh1 mutations were phenocopied in wt plants treated with the formin inhibitor SMIFH2 that in vitro inhibits fungal and metazoan formins representing vastly diverse FH2 domain clades (Rizvi et al. 2009) , and that also mimics the effects of the fh1 mutations on root development (Rosero et al. 2013) . While the molecular and cellular mechanisms of SMIFH2 action in plants await characterization, the qualitative similarity of phenotypes elicited by SMIFH2 and by fh1 mutations suggests that this drug also acts in plants at least in part through formin inhibition. This does not exclude the presence of formin isoforms or molecular populations either resistant to SMIFH2 or not reached by it (perhaps because of the drug's limited stability or bioavailability), which may also account for the fact that SMIFH2 fails to inhibit Arabidopsis seedling development completely even at high concentrations (Rosero et al. 2013) . Even in opisthokonts, reports of SMIFH2-induced lethality are restricted to high doses in a few mammalian in vitro cell culture systems, while in other experiments the inhibitor only causes alterations of cytoskeletal structure, usually with physiological and developmental consequences (Efremov et al. 2015 , Fattouh et al. 2015 , Isogai et al. 2015 , Kim et al. 2015 , On the other hand, observed differences between SMIFH2-induced and fh1 mutant phenotypes concerning pavement cell size or lateral movements of microtubule ends point towards presumed functional differences between the numerous Arabidopsis formins.
Macroscopically, only subtle alterations in cotyledon shape and position, suggesting altered cell expansion and/or cell polarity, were seen in fh1 mutants and SMIFH2-treated wt seedlings. A decreased epinastic response of fh1 mutant cotyledons to SMIFH2 is consistent with wt levels of this formin being responsible for a plant's ability to react fully to the drug. A similar phenotype of cotyledon epinasty occurs in some mutants with perturbed auxin signaling (e.g. Si-Ammour et al. 2011) or in seedlings treated by the auxin agonist 2,4-D . It is tempting to speculate that formin impairment might influence membrane trafficking and consequently auxin transport (see Zhu and Geisler 2015) . However, 2,4-D also directly affects microtubule polymerization in vitro (Rosso et al. 2000) and actin dynamics in vivo (Rahman et al. 2007 , Rodriguez-Serrano et al. 2014 . The observed phenotypic changes may thus be an indirect consequence of perturbing the cytoskeleton.
Despite having smaller cotyledons, fh1-1 plants had larger epidermal pavement cells than the wt. Thus, the decrease in organ size is not due to defective cell expansion-mutant cotyledons appear to consist of fewer cells. Larger cells in the mutants might compensate, e.g., for a cell cycle control defect. Alternatively, increased cell size (possibly in a subpopulation or layer of cells within the organ) may suppress cell division, a phenomenon well known, e.g. from periclinal chimera experiments (see Szymkowiak and Sussex 1996 , Bemis and Torii 2007 , Hepworth and Lenhard 2014 . Remarkably, the size difference between wt and fh1 pavement cells was further substantially enhanced upon treatment with the microtubule inhibitor oryzalin, suggesting either a direct involvement of FH1 in microtubule organization and dynamics, or increased sensitivity of the pavement cell system towards any perturbation of microtubules, in line with the scenario proposed by Armour et al. (2015) , where microtubule-driven differential cell wall expansion plays a decisive part in lobe initiation and early lobe expansion.
The most conspicuous effect of fh1 mutations and SMIFH2 treatment was increased lobing of epidermal pavement cells, consistently present during early seedling development and thus not due to heterochrony in pavement cell morphogenesis. The increased lobing of fh1 pavement cells also persisted upon treatment with low doses of actin and microtubule inhibitors (LatB and oryzalin), applied separately or in combination. An opposite phenotype, i.e. a decrease in cell lobing, has been reported in cotyledons or leaves in many mutants, including those impaired in ROP/RIC signaling (Fu et al. 2005 , Fu et al. 2009 , Lavy et al. 2007 , Xu et al. 2010 , actin nucleation mediated by the Arp2/3 complex and its regulation (Li et al. 2003 , Zhang et al. 2008 , myosin-mediated transport along actin filaments (Ojangu et al. 2012) , the regulation of PIN-mediated auxin transport (Li et al. 2011) , and even brassinosteroid signaling (Zhiponova et al. 2013) . However, increased complexity of pavement cell shape as a consequence of a loss-of-function mutation is relatively rare, although it was reported in some mutants with impaired cytokinin signaling (Li et al. 2013) .
To characterize the impact of formin deficiency on cytoskeletal organization and dynamics, we employed the cytoskeletal markers GFP-FABD and LifeAct-RFP for actin, as well as GFP-MAP4 for microtubules, introduced into fh1 plants by crossing. Although the original marker-carrying lines exhibited stable marker expression, our mutants underwent progressive marker silencing. Since the parental fh1-1 mutant line originated from a T-DNA insertion collection containing a high proportion of lines able to induce silencing of reporter transgenes introduced by crossing (Daxinger et al. 2008) , we believe that this genetic background may have triggered loss of marker expression. Nevertheless, in young seedlings we found enough cells expressing the cytoskeletal markers to allow quantitative studies.
None of the markers used was free of effects on pavement cell size and shape. Even LifeAct-RFP, which is considered a 'non-intrusive' marker, albeit overexpression of another LifeAct derivative does somewhat influence actin dynamics in Arabidopsis (van der Honing et al. 2011) , caused a moderate cell size increase in both wt and fh1 plants. Expression of GFP-FABD completely suppressed the effect of the fh1 mutation on both pavement cell size and shape. GFP-FABD, although less artifact prone than the frequently used mouse talin derivatives (Ketelaar et al. 2004 Microtubule dynamics quantified as the correlation coefficient between pairs of images spaced at the indicated intervals in time-lapse SDCM recordings; error bars represent the SE, and arrows denote time points where the significance of intergenotype differences was evaluated. At least 20 cells were analyzed in (B) and (C), and at least 40 video recordings from at least 16 plants in (D) . Statistically significant differences between control and treated plants are marked by asterisks, with **P < 0.01, *P < 0.05 ( 2 test in B and C, t-test in D).
when overexpressed (Higaki et al. 2010) and was reported to inhibit actin-and myosin-driven cytoplasmic streaming (Holweg 2007) . In our hands, this marker dramatically increased pavement cell size in any genotype examined and decreased wt pavement cell circularity. Remarkably, in fh1 mutants exhibiting patchy GFP-FABD expression, no difference in cell shape was observed between marker-expressing cells and their neighbours that underwent complete marker silencing by the time of observation, consistent with cell shape being laid down within the first days of seedling development (Armour et al. 2015) , when marker expression may have still been present. Data obtained using GFP-FABD thus have to be interpreted with caution. Nevertheless, in our measurements of microfilament structure and dynamics, both GFP-FABD and LifeAct-RFP responded to the fh1 mutation in a qualitatively analogous manner. For both markers, mutants exhibited decreased microfilament density, increased microfilament bundling and higher stability of microfilament bundles in the cell cortex, consistent with our previous observations in roots (Rosero et al. 2013) .
FH1 participates in actin nucleation and elongation (Michelot et al. 2005 , Michelot et al. 2006 ) and anchors microfilaments across the plasmalemma into the cell wall (Martiniere et al. 2011 ). Its decreased availability may weaken the association between cortical actin and the cell wall, reduce new filament polymerization from the plasmalemma and render some fine cortical actin filaments free to move and bundle (perhaps with participation of other actin-binding proteins), with the net effect being a shift in the balance between fine, presumably cortically anchored filaments and more stable bundles (Fig. 10) .
The effect of the fh1 mutation on actin architecture and dynamics was also phenocopied by SMIFH2 treatment in plants expressing GFP-FABD. The reduced amount of fine filaments was reminiscent of some of the responses observed in mammalian cells treated by this formin inhibitor (Efremov et al. 2015 , Isogai et al. 2015 . SMIFH2 also reduced the intracellular motility of clathrin-containing compartments, presumably the trans-Golgi network or endosomes (Ito et al. 2012) , which is known to be actin dependent and disrupted by LatB in a similar manner (Voigt et al. 2005) . Interestingly, overexpression of FH1 inhibits Golgi body movement (Martiniere et al. 2011 ), which would suggest either different roles of formins in the motility of distinct membrane compartments, or a dose-dependent effect of overall formin level on compartment motility. Involvement in intracellular trafficking was also previously reported, e.g. for the human hDia2C formin (Gasman et al. 2003) , the fission yeast formin For3 (Gachet and Hyams, 2005) and the budding yeast formin Bni1 (Prosser et al. 2011) . Thus, participation of plant formins in membrane turnover would be in line with observations from other organisms.
Expression of the GFP-MAP4 marker, known to bundle and stabilize microtubules (Granger and Cyr, 2001) , effectively enhanced the fh1 mutant phenotype by further decreasing pavement cell circularity in the mutants, while causing an increase in cell circularity in wt plants. Opposite effects of this marker in wt and mutant plants are consistent with our previous observations on root growth (Rosero et al. 2013) . We took advantage of these differential effects of GFP-MAP4 expression and used this marker to enhance possible latent differences between wt and fh1 seedlings towards cytoskeletal inhibitors (compare Cvrčková et al. 2012) . Application of LatB at concentrations disrupting thin actin filaments but preserving bundles or of low doses of the microtubule-destabilizing drug oryzalin in plants expressing GFP-MAP4 affected microtubule organization consistently with previous reports (Collings et al. 2006 , Sampathkumar et al. 2011 . However, while oryzalin and LatB increased pavement cell circularity in marker-free wt plants, expression of GFP-MAP4 prevented these changes, consistent with stabilization of microtubules by the marker compensating for the drugs' effects. Nevertheless, fh1 plants still responded to oryzalin by a decrease in lobing, possibly due to the more dynamic state of their microtubules (see below), thus resulting in suppression of the mutant phenotype (partial for oryzalin only and complete for combined application of both inhibitors). Besides confirming the predominant role of microtubules in the control of pavement cell shape (compare Armour et al. 2015) , the results of our inhibitor experiments point towards an interaction between the effects of the microtubule-stabilizing GFP-MAP4 marker and the formin mutation in the regulation of microtubule dynamics. Fig. 10 A speculative model of the role of FH1 in cytoskeletal organization during pavement cell development. FH1 may participate in controlling the balance between fine, cortically anchored dynamic microfilaments and more stable actin filament bundles. The cortically attached actin meshwork may act as a 'corral' restricting both dynamics of microtubules via limiting their accessibility to proteins controlling microtubule end dynamics, as well as lateral microtubule mobility on the long-term scale. Thus, FH1 activity may contribute towards controlling the assembly of microtubule structures that determine pavement cell shape during the very early developmental stages when lobe pattern is established.
In agreement with published reports (Fu et al. 2005 , Fu et al. 2009 , Xu et al. 2010 , Armour et al. 2015 , we observed enhanced microtubule bundling at the necks of the more lobed mutant pavement cells carrying GFP-MAP4. Quantitative measurements in fh1 mutants carrying GFP-MAP4, as well as in SMIFH2-treated wt plants expressing additional markers, i.e. the MAP4 derivative MBD-GFP and the tubulin subunit GFP-TUA6, revealed consistently more dynamic microtubule end turnover in formin-impaired cells. This might be due to the sparser cortically attached actin meshwork in formin-impaired plants rendering microtubules more accessible to proteins modifying their behavior, including end-binding proteins enhancing stochastic dynamics (such as, for example, ARK1; Eng and Wasteneys 2014), as well as microtubule end anchorage to other cortical structures (e.g. the CLASPs; Ambrose and Wasteneys 2008) . The decreased lifetime of the more dynamic microtubules in formin-impaired plants could also restrict their opportunity to associate with side-binding proteins that modulate microtubule flexibility, such as MAP65 (Portran et al. 2013) . While the increase in microtubule end dynamics occurs consistently both in fh1 mutants and in SMIFH2-treated plants, the complex balance of the remaining processes, which all may contribute to the control of rapid short-range lateral oscillatory movements of microtubule ends ('wiggling'), may also be affected by other formins, resulting in the observed qualitative difference in the effects of SMIFH2 (causing an increase in microtubule end wiggling) and the fh1 mutation (resulting in decreased wiggling frequency).
Besides microtubule polymerization and depolymerization, likely to contribute to both neck bundle formation and to the assembly of cortical microtubule arrays promoting periclinar cell wall expansion at pavement cell lobes (Armour et al. 2015) , formation of bundles at pavement cell necks may also depend on increased long-range lateral mobility of microtubules occurring at the temporal scale of hours (rather than minutes followed in our observations). The lower density of cortically anchored actin filaments in the fh1 mutants is likely to result in fewer obstacles to such microtubule movements (Fig. 10) . The observed opposite effects of GFP-MAP4 on pavement cell lobing in wt and fh1 plants may then be explained by marker-induced microtubule stabilization preventing microtubule rearrangements required for lobe establishment in wt plants, while the more dynamic microtubule cytoskeleton in fh1 mutants could still reorganize by de novo polymerization/ depolymerization rather than by translocation of pre-existing microtubules, and, once formed, the resulting structures may be stabilized by GFP-MAP4.
While our observations document a (possibly indirect) participation of formins in the control of microtubule-related processes of pavement cell morphogenesis, their contribution to the other cellular processes involved, including membrane trafficking and auxin signaling, remains to be characterized. An even more intriguing challenge will be establishing a connection between the formins and known upstream regulatory pathways involving the ROP small GTPases (see the Introduction). Formins are known effectors of RHO clade GTPases in fungal and metazoan systems (Rivero et al. 2005) ; however, the evolutionarily conserved RHO-binding GBD/FH3 domains, or any other known GTPase-binding motifs, are absent in formins of angiosperm plants (Grunt et al. 2008) . Thus, the expected connection between the ROP GTPases and the molecular machinery responsible for pavement cell shaping may be mediated not only by nearly any of the plethora of known RHO effectors (Bloch and Yalovsky 2013) , but also by other pathways which are waiting to be discovered.
Materials and Methods
Plants
The T-DNA insertional mutants (fh1-1, SALK-032981; and fh1-2, SALK-009693) in the FH1 gene (At3g25500), as well as derived fluorescent marker proteinexpressing lines obtained by crossing the fh1-1 mutant with reporter lines GFP-MAP4 for microtubules and GFP-FABD for microfilaments were described previously (Rosero et al. 2013 ). The LifeAct-RFP marker was introduced into the fh1-1 background by crossing with a published reporter line (Fendrych et al. 2013) ; PCR genotyping in F 2 and visual fluorescence inspection was used as described (Rosero et al. 2013 ) to identify FH1 wt and fh1-1 segregants homozygous for the marker transgene. In lines suffering marker silencing, seedlings exhibiting the strongest fluorescence were chosen for experiments using low magnification fluorescence microscopy. Sister segregants from crosses were used as controls.
Formin wt seedlings expressing CLC-GFP (Ito et al. 2012 ), a GFP-tagged derivative of the clathrin light chain (At2g40060), as well as those carrying the microtubule markers MBD-GFP (a microtubule-binding domain from MAP4; Camilleri et al. 2002) or GFP-TUA6 (Ueda et al. 1999) , were used in some experiments. All plant lines studied were in the Col-0 background except of the formin wt MBD-GFP line, which is derived from the Wassilevskaja accession.
Growth conditions and inhibitor treatments
Seed germination was synchronized by several days of post-imbibition storage at 4 C. For propagation and crosses, plants were grown in peat pellets (Jiffy). For all analyses, in vitro cultured seedlings grown from surface-sterilized seeds on vertical Murashige and Skoog (MS) or inhibitor-containing plates were used. All cultures were kept at 22 C with a 16 h light/8 h dark cycle. Inhibitor stock solutions were prepared in dimethylsulfoxide (DMSO), stored at -20 C (Lat B, oryzalin and SMIFH2, all Sigma) and added to liquid agar to the desired concentrations; the DMSO concentration was adjusted to 0.2% (v/v). Inhibitor-containing plates were stored for no more than 1 week at 4 C prior to experiments, as we have noticed loss of growth-inhibiting activity during storage especially in the case of SMIFH2. In all experiments, 2-3 replicates of around 20 plants were used per data point unless stated otherwise. Seedlings were either germinated and grown on inhibitor-containing media or transferred from inhibitor-free MS plates at the specified time points (see Rosero et al. 2013) , as indicated in the Results.
Cotyledon position and shape analysis
The cotyledon to petiole angle was measured from photos of seedlings at 5 DAG grown on vertical MS plates. Cotyledons from seedlings at 15 DAG were dissected and photographed; area, length and width were measured using the ImageJ software (http://imagej.nih.gov/ij/; Schneider et al. 2012) or its Fiji distribution (Meijering et al. 2012) .
Pavement cell morphometric analysis
Pavement cell shape parameters were determined from cotyledons stained with 1 mM FM4-64 (Sigma) for 1 h in the dark. Three images were taken from non-overlapping regions of the adaxial epidermis in the apical third of the cotyledons using CLSM (with an LCS 510; Leica) with a Â20/1.2 waterimmersion objective and 515 nm excitation. In plants carrying fluorescent cytoskeletal markers, the FM4-64 staining was omitted and marker fluorescence (or autofluorescence after contrast enhancement in the case of cells which have silenced marker expression) was instead used to detect cell to cell boundaries. A total of 8-10 cells per sample within a field were selected for evaluation; to avoid bias, cells that made contact with a diagonal line were chosen in each measured field (Zhang et al. 2008) . Pavement cell lobe lengths were determined using ImageJ according to Li et al. (2003) , and cell area and circularity according to Zhang et al. (2008) .
Laser-scanning confocal microscopy and image analysis
The GFP-tagged cytoskeleton was observed using CLSM (with either a LCS 510, Leica; or LSM880, Zeiss) as described previously (Rosero et al. 2013 (Rosero et al. , 2014 . Images were acquired as xyz-series with a 0.7-1 mm interval or as xyt-series with the minimum interval for the given settings. Microfilament bundling and density, and microtubule density were quantified as reported before (Rosero et al. 2013 , Rosero et al. 2014 . Marker fluorescence in individual cells was classified visually to normal, low and no signal. For measuring clathrin compartment dynamics, CLSM time-lapse image series spanning 2 min were analyzed with the aid of the MTrackJ plugin incorporated in Fiji (Meijering et al. 2012 ).
Cytoskeletal dynamics recording and analyses
To evaluate cytoskeletal dynamics by VAEM, we used the Leica AF6000 LX fluorescence platform with integrated TIRF module. For SDCM observations, an inverted spinning disc confocal microscope (Yokogawa CSU-X1 on a Nikon Ti-E platform, laser box Agilent MLC400, sCMOS camera Andor Ixon) was used. A plan apochromat Â 100 oil (NA = 1.45) lens was employed with laser lines set at 488 and 561 nm. For both observation methods, plants were mounted in water on chambered slides, and cells exhibiting good marker fluorescence (comparable with the usual fluorescence intensity in wt plants) were chosen for analysis in mutants that exhibited variable marker expression. Images were recorded in 0.5-1 s intervals and analyzed with the Leica Application Suite (LAS) and/or ImageJ/Fiji as described previously (Rosero et al. 2013 , Rosero et al. 2014 .
Microfilament phase duration, distribution of microtubule phases and frequency of lateral microtubule movements were quantified from time-lapse images taken across the time span of 2 min.At least 120 filament ends from at least 16 cells of at least eight plants per genotype or treatment were evaluated. Kymographs were generated using the Multiple Kymograph ImageJ plugin from time-lapse image series collected from well-focused diagonal lines of a square image field (Sampathkumar et al. 2011) . For evaluation of overall microtubule dynamics, correlation coefficients of pairs of images from the time-lapse series, separated by varying intervals, were calculated using the method of Vidali et al. (2010) .
Supplementary data
Supplementary data are available at PCP online. 
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